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Abstract: 
The paper presents study results for cast alloy based on the FeB3
BAl intermetallic phase. The study material was Fe-28Al-5Cr-1Mo-0,1Zr-
0,005B% at. alloy in the cast state. The microscopic research, phase analysis with X-ray diffraction, bending test and observation of the 
alloy surface exposed to corrosion have been performed. It has been found that presence of the sigma phase in the material structure 
influences high hardness of the tested alloy, its susceptibility to brittle fracture and favours the intercrystalline corrosion. 
 
 
 
Słowa kluczowe: Metallography; Sigma phase; Alloys based at the intermetallic phase; Brittleness; Intercrystalline corrosion 
 
 
1. Introduction 
 
In recent years a high interest in alloys based at the 
ordered intermetallic phases of the Fe-Al system is 
observed. It results from their low density and very high 
resistance to high-temperature corrosion. At the same time, 
they are materials characterised with relatively good 
castability. For that reason, they are considered as the 
materials of future, even if they are still problematic in 
respect of their plastic working and welding [5,8].  
In the Fe-Cr system the sigma phase appears, stable at 
iron contents from 50 to 57% at., and in temperatures lower 
than  T=820 P
o
PC (Fig.  1  a). It belongs to the group of 
intermetallic phases with close-packed tetragonal lattice 
(tcp) containing in its elementary cell of 30 atoms (Fig. 1 b) 
[1,2]. Its crystallographic structure was first determined by 
G. Bergman and D. P. Shoemaker in 1954 [1]. 
In room temperature the sigma phase is characterised 
with high hardness and brittleness. It has been found that 
micro-hardness of the FeCr sigma phase amounts to about 
1000 HV [2]. The phase is usually found in austenitic steels 
and, for that reason, its impact on those construction 
materials has been thoroughly researched. It is known that 
its presence is unfavourable, as it appears in the form of 
precipitations strongly lowering strength properties of those 
structural materials. It is related not only to significant 
brittleness of the phase, leading to a drop in strength 
properties and plasticity of the structural materials, but also 
results from a tendency to lower in its vicinity the 
chromium contents in the matrix. In consequence, it leads 
to lowering the corrosion resistance in the whole parts [3]. 
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Fig. 1. a) Fragment of the Fe-Cr system phase equilibrium [1], 
b) Crystallographic structure of the FeCr sigma phase [4] 
2. Materials and research methodology 
 
Research material was the cast alloy Fe-28Al-5Cr-1Mo-0,1Zr-
0,005B% at., melted in the vacuum inductive oven of the Balzers 
type, at temperature of 1500 P
o
PC.  
Microstructure tests, after etching the samples with a chemical 
reagent composed of: 50% CHB3
BCOOH + 33%HNOB3 
B+ 17%HCl, 
were performed using light microscopy method and the   
NEOPHOT 32 microscope. Observations using magnifications 
greater than 1000x, were conducted using scanning electron 
microscopy (SEM SE, EDX) and the JEOL–JSM  6610A 
microscope, as well as JEOL 5800  LV. Phase analysis was 
performed at the Institute of Metallurgy and Materials 
Engineering of PAN in Krakow, using the X-ray diffraction 
method and the D-8 Discover diffractometer with open Euler 
circle and the „polycap” type optics from Brücker. 
Microscopic observations of the alloy surface subjected to 
polarisation with the rate of dE/dt = 1 mV/s, up to the potential 
value of 0,2  V, were performed using the Atlas  0531 
Electrochemical Unit & Impedance Analyser potentiostat. Before 
polarisation, surface of a tested electrode (a sample) of the 
0.785 cmP
2
P size was polished. Auxiliary electrode made of   
austenitic steel, and the saturated Ag/AgCl reference electrode 
were used in the tests. 
Hardness measurements using the Vickers method, according 
to the PN-EN-ISO 6507-1 Standard were made. Zwick 321 
hardness testing machine with loads of 5  kG (49,05  N) acting 
within 15 s were used. Fracture test was performed according to 
the standard ASTM A370-10: Standard Test Methods and 
Definitions for Mechanical Testing of Steel Products. 
 
3. Test results 
 
3.1. Microscopic study 
 
As a result of microscopic observations performed the 
acicular precipitations, appearing at the grain boundaries and 
inside grains, have been found (Fig. 2, 3). Their morphology, and 
the chemical composition of the tested alloy, may indicate for 
presence of the Fe-Cr system sigma phase. Studies made with 
higher magnifications have shown that such precipitations  were 
locally displaying features of an eutectic mixture created with the 
solid solution (Fig. 4). 
 
Fig. 2 Microstructure of the Fe-28Al-5Cr-1Mo-0,1Zr-0,005B% at. 
alloy in the cast w state. Visible acicular precipitations appearing 
inside and at boundaries (dark ones) of the solid solution grains 
(bright). Light microscopy, after etching 
 
 
Fig. 3. Microstructure of the cast alloy Fe-28Al-5Cr-1Mo-0,1Zr-
0,005B% at. Magnified fragment of the area from Fig. 2. Light 
microscopy, after etching 
 
 
Fig. 4. Microstructure of the cast alloy Fe-28Al-5Cr-1Mo-0,1Zr-
0,005B% at. Visible eutectic mixture created of solid solution and 
acicular precipitations. After etching, SEM 
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Research performed using the X-ray diffraction method has 
shown, that matrix of the tested alloy is constituted of solid 
solution created at the intermetallic FeB3
BAl phase base   
crystallizing in the regular face-centred cell (Fm3m). Considering 
chromium appearing in the chemical composition, which shows 
ability for substituting atoms of iron, the obtained diffraction 
pattern shows better correlation with the FeB2
BCrAl phase of the 
same crystallographic lattice.  
Moreover, two reflexes of low intensity, appearing at 2θ angle 
equal to 49.56 and 55.17P
o
P, have been observed at the diffraction 
pattern for the Fe-28Al-5Cr-1Mo-0,1Zr-0,005B% at. alloy. It has 
been found that they are related to two most intensive reflexes 
coming from crystal lattice of the sigma phase (FeCr), which 
crystallizes in the tetragonal lattice. For that phase, high intensity 
reflexes at 2θ angles equal to 51.10 and 52.60P
o
P should also be 
observed. Therefore, it is possible, that the reflexes appeared at 
the obtained diffraction pattern, but it was not possible to separate 
them from a reflex coming from the FeB2
BCrAl phase, and 
appearing at the angle of 51.68P
o
P. Low intensity of reflexes coming 
from the FeCr sigma phase is related to the contents of the 
analysed phase in the alloy (Fig.  5). This confirms earlier 
assumptions resulting from the microscopic observations. 
 
 
Rys. 5. Exemplary X-ray diffraction pattern obtained for the alloy 
Fe-28Al-5Cr-1Mo-0,1Zr-0,005B% at 
 
 
3.3. Hardness measurements 
 
Based at hardness measurements it has been found that the 
tested material is characterised with hardness of 456±33 HV5. On 
applying the treatment consisting in heating up to the temperature 
of 1000  P
o
PC for 2 hours, next 2-hour isothermal annealing in the 
same temperature and subsequent cooling in the air, a drop in 
hardness followed to the value of 369±18 HV5. It was related to 
coagulation of the FeCr phase precipitations observed at the light 
microscope image. 
 
3.4. Corrosivity of the alloy 
 
After the alloy sample polarisation performed for initiation of 
corrosion processes it has been found that the corrosion is local in 
its character (Fig. 6). Dissolving of the secondary solid solution 
based at the FeB3
BAl phase revealed the acicular precipitations of 
the sigma phase appearing in the alloy microstructure (Fig. 7). Its 
accumulation at grain boundaries led to localisation of corrosion 
mainly within their vicinity and the corrosion happened to be of  
the intercrystalline type. It is favoured by the impoverishment of 
the matrix in chromium contents in the surrounding of the 
precipitations, observed by other authors [3]. This testifies for a 
strongly cathodic character of the FeCr sigma phase precipitations 
in relation to the matrix. 
 
 
Fig. 6. Surface of the Fe-28Al-5Cr-1Mo-0,1Zr-0,005B% at. cast 
alloy after corrosion tests. Visible corrosion localised within the 
grain boundaries area. SEM 
 
 
Fig. 7. Surface of the Fe-28Al-5Cr-1Mo-0,1Zr-0,005B% at. cast 
alloy after corrosion tests. Visible dissolving of the solid solution 
leading to revealing the sigma phase precipitations. SEM 
 
 
3.5. Fracture test 
 
Based at the fracture test performed in conditions according to 
the ASTM A370-10 Standard it has been found, that the fracture 
created showed features of the brittle fracture (Fig.  8). 
Microscopic observations performed at metallographic cross-
sections have shown that the fracture runs over grain boundaries, 
mainly in the areas of the eutectic mixture (Fig. 9). It is related to 
high brittleness of the sigma phase. 
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Fig. 8. a) Brittle fracture created as a result of 
the bending test performed. 
b) Magnified fragment of the picture from figure 8 a. SEM 
 
a)   
b)   
Fig. 9. a) Visible fracture running over grain boundaries. b) 
Magnified  fragment of the alloy microstructure with fracture 
running in the eutectic areas marked with arrows.  
Light microscopy, after etching 
4. Conclusions 
 
Based at the analysis of the performed research results it has 
been stated that the cast alloy Fe-28Al-5Cr-1Mo-0,1Zr-
0,005B% at. is characterised with the structure of secondary solid 
solution created at the FeB3
BAl intermetallic phase base, which is 
crystallising in the regular face-centred cubic lattice (Fm3m). 
Considering the presence of chromium in its chemical 
composition, which capable of substituting atoms of iron, the 
diffraction pattern obtained showed better correlation with the 
FeB2
BCrAl phase having the same crystallographic lattice. 
Appearance of the brittle sigma phase (FeCr) have been found in 
the alloy microstructure, locally creating eutectics with the 
secondary solid solution. 
The research performed have confirmed that the sigma phase 
present in the cast alloys structure with the FeB3
BAl intermetallic 
phase matrix containing chromium is leading, similarly as in the 
case of austenitic steels, to worsening in the mechanical properties 
of the material. Presence of the sigma phase in microstructure of 
the tested alloy favours its high hardness amounting to 
456±33 HV5. Fracture of the tested alloy shows features typical 
for brittle fracture and runs mainly over the eutectic areas of the 
solid solution and the sigma phase. On applying a heat treatment 
in temperature of 1000  P
o
PC and subsequent cooling in the air, 
hardness of the alloy drops to the value of 369±18  HV5, as a 
result of the FeCr phase coagulation. Accumulation of the 
cathodic, in relation to the matrix, separations of that phase leads 
also to a local corrosion in the tested alloy, with features of the 
intercrystalline corrosion type.  It is probably favoured also by 
lowering of chromium contents in the matrix in the environment 
of the FeCr phase, observed also by other authors [3]. 
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